ABSTRACT We studied the effects of a concurrent challenge on slow-growing broilers with 1) airborne particles of 2 sizes: fine dust (smaller than 2.5 microns) and coarse dust (between 2.5 and 10 microns) that were directly collected from a broiler house and 2) lipopolysaccharide on intratracheal immunizations with the specific antigen human serum albumin (HuSA) and measured primary and secondary systemic (total) antibody responses and (isotype-specific) IgM, IgG, and IgA responses at 3 and 7 wk of age. All treatments affected immune responses at several ages, heart morphology, and BW gain, albeit the latter only temporarily. Dust particles significantly decreased primary antibody (IgT and IgG) responses to HuSA at 3 wk of age but enhanced IgM responses to HuSA at 7 wk of age. Dust particles decreased secondary antibody responses to HuSA, albeit not significantly. All of the birds that were challenged with dust particles showed decreased BW gain after the primary but not after the secondary challenge. Relative heart weight was significantly decreased in birds challenged with coarse dust, fine dust, lipopolysaccharide, and HuSA at 3 wk of age, but not in birds challenged at 7 wk of age. Morphology (weight, width, and length) of hearts were also affected by the dust challenge at 3 wk of age. The present results indicate that airborne dust particles obtained from a broiler house when intratracheally administered at an early age affect specific humoral immune responsiveness and BW gain of broilers to simultaneously administered antigens differently than when administered at a later age. The hygienic status of broiler houses at a young age may be of importance for growth and immune responsiveness, and consequently, for vaccine efficacy and disease resistance in broilers. The consequences of our findings are discussed.
INTRODUCTION
The high concentrations of airborne particles (fine dust) in animal houses has raised questions on the effects of air constituents on the quality of the environment, risks for developing acute or chronic (infectious) diseases, and the welfare of animals and agricultural employees (Donham et al., 1995; Herr et al., 1999; Pope et al., 2002; Al Homidan and Robertson, 2003; Andersen et al., 2004) . Most dust, and its components, inside and outside of animal houses, originate from manure, bedding, skin, feathers, and feed (Welch, 1986; Takai et al., 1998; Aarnink et al., 1999; Cambra-Lopez et al., 2011) . The concentration and composition of dust varies due to animal activity, species, age, light schedule, ventilation, stocking density, and house design (Collins and Algers, 1986) . The size of dust particles is important because it influences the aerodynamic behavior and transport, and it may therefore require different control technologies (Zhang, 2004) . Dust particle size also determines the impact of dust on human and animal health (Mercer, 1978) . Respirable particles (smaller than 4.0 microns in diameter, i.e., similar to tobacco smoke) are mainly responsible for health problems because these small particles can travel deep into the lungs (Collins and Algers, 1986) . Studies on airborne dust concentrations are mainly focused on small particle sizes, such as particulate matter smaller than 10 microns and particulate matter smaller than 2.5 microns. In general, particles from this range of sizes form the majority, both in mass (>50%) and in counts (>99%), in animal houses, including poultry houses (our unpublished data). Small particles deposit deeper in the respiEffects of 2 size classes of intratracheally administered airborne dust particles on primary and secondary specific antibody responses and body weight gain of broilers: A pilot study on the effects of naturally occurring dust H. T. L. Lai ,* † ‡ M. G. B. Nieuwland ,* A. J. A. Aarnink , † B. Kemp ,* and H. K. Parmentier * 1 ratory tract; however, final deposition also depends on the shape and density of the particles and the deepness of animal's breathing. Important constituents of (fine) dust found in poultry (and other animal) houses are formed by microbes, skin (Collins and Algers, 1986) , and pathogen-associated molecular patterns (PAMP) that are either airborne or derived from microbes in feed or feces. These PAMP can bind to specific innate toll-like (TLR) receptors expressed by antigen presenting cells (APC) that in mammals, and likely also in poultry, skew specific immune responses toward Thelper (TH)2-mediated antibodies or TH1-mediated cellular inflammatory responses (de Jong et al., 2002 , Kapsenberg, 2003 or to TH17 responses (Betelli et al., 2007) via the release of cytokines. High levels of PAMP are present in chicken houses, either airborne or as part of dust.
Previously, we found that PAMP; that is, (combinations of) lipopolysaccharide (LPS), lipoteichoic acid (LTA), β-glucan, and chitin as important and representative PAMP from gram-negative bacteria, grampositive bacteria, yeast, and arthropods, respectively, affected specific immune responses of broilers (Lai et al., 2009 ) and layers (Ploegaert et al., 2007) after an intratracheal challenge. Also, reduced BW gain early after exposure (Lai et al., 2009 ) was found in LPS-and other PAMP-challenged broilers. Both in layers and broilers, the effect of secondary or repeated LPS challenge on BW gain appeared less severe, suggesting a refractive response of poultry to LPS (Korver et al., 1998; Parmentier et al., 2006) as a form of memory or adaptation of the birds to LPS by as yet to be defined mechanisms.
The effects of particle-size distribution of dust on the immune system of broilers are still unknown. In the present study, we obtained 2 different sizes of airborne particles, fine dust (FD; <2.5 µm) and coarse dust (CD; 2.5-10 µm), from a broiler house and assessed the LPS content in these 2 size classes. Subsequently, we measured the effects of LPS and both dust size classes on primary and secondary humoral immune responses to the model antigen, human serum albumin (HuSA), at 2 different ages and BW (gain) in slow-growing broilers.
First, we studied the effect of early exposure (at 3 wk of age) to FD and CD particles or a comparable dose of LPS. Second, we studied the effect of exposure at a later age (7 wk) to these particles. Third, we studied the effect of repeated exposure to dust particles or LPS at 3 and 7 wk of age on secondary antibody responses to HuSA to establish the effects on memory formation. Fourth, we studied whether dust particles or a comparable dose of LPS after an intratracheal challenge affected BW (gain) of broilers. Changes in heart morphology of broilers have been associated with ascites and infectious diseases (Nijdam et al., 2006 ). Earlier, we described an increase in heart weights and changed heart morphology in broilers treated intratracheally with dust components and PAMP (Lai et al., 2009 ). Therefore, we addressed possible consequences of challenging with dust particles in 2 size classes (FD and CD) and with a comparable dose of LPS on the morphological parameters of the spleen and heart.
MATERIALS AND METHODS

Birds and Husbandry
The experiment was conducted with 96 commercially obtained slow-growing Hubbard ISA JA 957 male broilers (paternal M99 × maternal JA57 lines). The birds were housed in 8 pens of 2.5 × 3 × 2.5 m on a solid floor covered with wood shavings. Each pen contained one group of 12 birds (groups 1-8) during the entire experimental period. The light regimen was 14 h of light and 10 h of dark, and temperatures varied between 18 and 24°C during the complete experimental period. The birds were fed ad libitum with a standard broiler diet (204 g/kg of CP, and 2,859 kcal/kg of ME). Water was provided ad libitum via drinking nipples. Chicks were vaccinated with (all-live) vaccines for Newcastle disease, infectious bursa disease, and infectious bronchitis on the day of hatch.
The experiment was approved by the Animal Welfare Committee of Wageningen University according to Dutch law.
Reagents
Human serum albumin (lot H3383) and Escherichia coli-derived lipopolysaccharide (lot L2880-017K4097) were obtained from Sigma Chemical Co. (St. Louis, MO). Both FD and CD particles were collected on polycarbonate membrane filters with a diameter of 37 mm in the filter holder. Larger particles were separated by installing a cyclone pre-separator (URG Corp., Chapel Hill, NC) as described by Zhao et al. (2009) .
The airflow through the cyclone pre-separator was set at 1 m 3 /h. Dust particles were collected in a broiler house (floor with bedding system, side inlet, and ventilators in end wall) with approximately 3,000 broilers at the Spelderholt broiler facility, Lelystad, the Netherlands. The PM2.5 and PM2.5-10 dust was removed from the filters and stored at −20°C until use. A limulus amoebocyte lysate assay was conducted to detect and quantify LPS in the PM2.5 and PM2.5-10 dust fractions. The LPS concentrations were 90 ng/mg dust in both FD and CD fractions. Birds were challenged once or twice with 4 mg of dust containing 360 ng of LPS in total.
Experimental Design
The experimental design is shown in Table 1 . Treatments at 3 wk of age (challenge 1) and 7 wk of age (challenge 2) were randomly assigned to the different groups of animals (groups 1-8). At 3 wk of age, (i.e., d 0 of the experiment) all birds (12 birds/group) from groups 5, 6, 7, and 8 were challenged intratracheally with 0.5 mL of PBS. Group 1 was challenged intratracheally with 4.0 mg of FD and 0.1 mg of HuSA in 0.5 mL of PBS. Group 2 was challenged intratracheally with 4 mg of CD and 0.1 mg of HuSA in 0.5 mL of PBS. Group 3 was challenged with 360 ng of LPS (dose comparable to the amount of LPS in the dust fractions) and 0.1 mg of HuSA in 0.5 mL of PBS. Group 4 was challenged with 0.1 mg of HuSA in 0.5 mL of PBS. Birds were challenged by placing a 1.2 × 60 mm blunted anal canule (InstruVet, Cuijk, the Netherlands) on a 1-mL syringe gently into the trachea of the bird.
At 7 wk of age, birds from groups 1 and 7 were intratracheally challenged with 4 mg of FD and 0.1 mg of HuSA in 0.5 mL of PBS. Groups 8 were challenged with 4 mg of CD and 0.1 mg of HuSA in 0.5 mL of PBS. Group 3 was challenged with 360 ng of LPS and 0.1 mg of HuSA in 0.5 mL of PBS. Group 4 was challenged with 0.1 mg of HuSA in 0.5 mL of PBS. Group 5 was challenged with 0.1 mg of HuSA in 0.5 mL of PBS. Group 6 was challenged with 0.5 mL of PBS only. At d 0, 3, 7, 10, 14, 21 , and 28 after the primary intratracheal challenge and at d 0, 3, 7, 10, 14, and 21 after the secondary intratracheal challenge, 0.5 mL of heparinized blood was collected from the wing vein from all birds. Plasma was stored at −20°C until use. Body weight was measured at the day of challenge 1 or challenge 2 before and 24-h after the challenge at 3 and 7 wk of age. At 12 wk of age, all birds were euthanized and BW gain was measured.
Humoral Immune Response to HuSA and LPS
The total antibody titers to HuSA and LPS in plasma from all birds were determined by ELISA at d 0, 3, 7, 10, 14, 21, and 28 after challenge 1 and at d 0, 3, 7, 10, 14, and 21 after challenge 2. Briefly, 96-well plates were coated with 100 µL containing either 4 µg/mL of HuSA or 4 µg/mL of LPS, respectively. After subsequent washing with H 2 O containing 0.05% Tween, the plates were incubated for 60 min at room temperature with serial 4-step double dilutions of plasma in PBS containing 1% horse serum and 0.05% Tween. Binding of total antibodies to HuSA or LPS antigen was detected after 1 h of incubation at room temperature with 1:20,000 in PBS (containing 1% horse serum and 0.05 Tween) diluted rabbit antichicken IgG H + L coupled to peroxidase (RACh/IgG H + L /PO; Nordic, Tilburg, the Netherlands). The IgM, IgG, and IgA antibodies binding to HuSA were determined at all days as well. After incubation with serial dilution of plasma and subsequent washing, bound isotype-specific antibodies to HuSA were detected using 1:20,000 diluted goat antichicken IgM coupled to PO (GACh/IgM/PO) directed to the mu heavy chain of IgM (Bethyl, Montgomery, TX), 1:20,000 diluted goat antichicken IgG Fc coupled to PO (Bethyl), or 1:20,000 diluted (GACh/IgA/PO) directed to the alpha heavy chain of IgA (Bethyl), respectively. After washing, tetramethylbenzidine and 0.05% H 2 O 2 were added and incubated for 10 min at room temperature. The reaction was stopped with 50 µL of H 2 SO 4 . Extinctions were measured with Multiscan (Labsystems, Helsinki, Finland) at a wavelength of 450 nm. A pooled known positive sample for HuSA and LPS was used for HuSA or LPS, respectively. Positive standards were included in each plate. Titers were expressed as log 2 values of the dilutions that gave an extinction closest to 50% of E max , where E max represents the highest mean extinction of a standard positive (pooled) plasma present on every microtiter plate.
Statistical Analysis
Antibody titers (total, IgM, IgG, and IgA) to HuSA and total antibody titers to LPS at 3 wk of age were analyzed by 2-way ANOVA for the effects of challenge 1 (2 dust size classes with HuSA or LPS added to HuSA, only HuSA, or only PBS), time, and their interactions using the repeated measurement procedure with a bird nested within challenge 1.
Antibody titers (total, IgM, IgG, and IgA) to HuSA and total antibody titers to LPS at 7 wk of age were analyzed by 2-way ANOVA for treatment (8 groups), time, and their interactions using the repeated measurement procedure with a bird nested within group.
At every timepoint after challenge 1 at 3 wk of age or challenge 2 at 7 wk of age, a one-way ANOVA was performed for the effect of challenge 1 (3 wk) or group (7 wk) on antibody titers to HuSA or LPS. A one-way ANOVA was performed to determine differences in BW gain after challenges using challenge 1 or group as the explaining factor at 3 and 7 wk of age, respectively. Similarly, a one-way ANOVA was performed to measure differences in heart morphology and spleen at slaughter, respectively. All analyses were done with the GLM procedures of SAS (SAS Institute Inc., 1990) . Multiple comparisons between means of challenge 1 treatments at 3 wk of age and groups at 7 wk of age in the repeated 
RESULTS
The kinetics of primary and secondary total antibodies, IgM, IgG, and IgA titers to HuSA in plasma from birds immunized intratracheally with various FD or CD particles or LPS and HuSA are shown in Figures 1, 2 , and 3, respectively. Least squares means of mean total (IgT) and isotype (IgM, IgG, IgA)-specific antibody titers to HuSA during the 4 wk after primary and 3 wk after secondary immunization with different airborne dust or LPS and HuSA are shown in Table 2 and Table  3 Primary Total Antibody Responses to HuSA at 3 wk of Age
The total primary antibody titers to HuSA were significantly affected by a treatment × time interaction (Table 2 ; P < 0.05). Titers were highest at 10 d after the primary intratracheal immunization for the PBS + HuSA-challenged birds (group 4; Figure 1A ; P < 0.05), whereas titers were highest at 7 d after intratracheal immunization in the FD + HuSA-treated birds (group 1; Figure 1A ), the LPS + HuSA-treated birds (group 3; Figure 1A ), and the CD + HuSA-treated birds (group 2; Figure 1A ). Titers to HuSA were the lowest in the solely PBS-treated (control) birds (group 5). Significantly lower total antibody titers to HuSA were found in birds treated with FD + HuSA and CD + HuSA, respectively, compared with that of the birds challenged with PBS + HuSA (group 4), whereas the LPS + HuSA-challenged birds were inbetween (Table 2 ). All HuSA-challenged groups showed significantly higher total antibody titers to HuSA as opposed to the birds solely challenged with PBS (group 5; Figure 1A ; Table  2 ). At d 21, significantly higher total antibody titers to HuSA were found in the PBS + HuSA-challenged birds (group 4) as compared with the FD, CD, or LPS + HuSA-treated birds ( Figure 1A ). At the other ages, in general, the highest total antibody titers to HuSA were found in the PBS + HuSA-challenged birds.
Isotype-Specific Primary Antibody Titers to HuSA at 3 wk of Age
The IgM-isotype specific primary antibody responses to HuSA during the observation period were affected by a treatment × time interaction (P < 0.05; Table 2 ) and affected by treatment (P < 0.05). Titers of IgM binding HuSA were highest at d 7 in birds from group 4 (PBS + HuSA), group 2 (CD + HuSA), group 3 (LPS + HuSA), and group 1 (FD + HuSA), and the lowest at d 7 was for the PBS-treated control birds (group 5; Figure 1B ). Primary IgM antibody titers were significantly enhanced at d 7 in the HuSA-challenged birds (group 4), the CD + HuSA-challenged birds (group 2), the LPS + HuSA-challenged birds (group 3), and the birds challenged with FD + HuSA (group 1; P < 0.05; Table 2) Figure 1 B) . The IgG-isotype specific primary antibody responses to HuSA during the observation period were affected by a treatment × time interaction (P < 0.05; Table 2 ) and affected by treatment (P < 0.05). Birds challenged with PBS + HuSA (group 4) showed significantly higher primary IgG antibodies directed to HuSA than that of the birds challenged with FD + Figure 2 . The time course of the primary late total (A), IgM (B), and IgG (C) antibody titers to human serum albumi (HuSA) of birds immunized intratracheally with fine dust (FD) + HuSA (group 7), coarse dust (CD) + HuSA (group 8), PBS + HuSA (group 5), or solely PBS (group 6), respectively, at 7 wk of age. Data represent mean antibody titers at d 0, 3, 7, 10, 14, and 21 after primary immunization, as estimated by ELISA of serial dilutions of sera from 12 birds per treatment group and using 1:20,000 diluted RACh/IgG H + L /PO for total antibodies, 1:20,000 diluted GACh/IgM/PO for IgM, or 1:20,000 diluted GACh/IgG Fc /PO for IgG. p.i. = postimmunization. a-c Denote a significant difference between groups at these ages. Figure 3 . The time course of the secondary total (A), IgM (B), and IgG (C) antibody titers to human serum albumin (HuSA) of birds immunized intratracheally twice with fine dust (FD) + HuSA (group 1), coarse dust (CD) + HuSA (group 2), lipopolysaccharide (LPS) + HuSA (group 3), PBS + HuSA (group 4), or solely PBS (group 6), respectively, at 7 wk of age. Data represent mean antibody titers at d 0, 3, 7, 10, 14, and 21 after secondary immunization, as estimated by ELISA of serial dilutions of sera from 12 birds per treatment group and using 1:20,000 diluted RACh/IgG H + L /PO for total antibodies, 1:20,000 diluted GACh/IgM/PO for IgM, or 1:20,000 diluted GACh/ IgG Fc /PO for IgG. p.i. = postimmunization. a-c Denote a significant difference between groups at these ages.
HuSA (group 1) and CD + HuSA (group 2; Table 2 ). Primary IgG antibody titers to HuSA were significantly enhanced at d 7, 10, 14, 21, and 28 in birds from all groups challenged with HuSA versus those of the (control) birds solely challenged with PBS (group 5; Figure  1C ). At d 7, 10, 14, 21, and 28 CD + HuSA-treated birds had significantly lower titers to HuSA than those of the PBS + HuSA-treated birds, which was also true for d 7, 14, and 28 with respect to FD + HuSA-challenged birds ( Figure 1C) .
Titers of IgA binding HuSA at 3 wk of age were not affected by a time × treatment interaction or treatment (Table 2) . Also, no contrasts between treatments at any moment after the challenge were found (data not shown).
Primary Total Antibody Responses to HuSA at 7 wk of Age
Total primary antibody titers to HuSA at 7 wk were significantly affected by a treatment × time interaction (Table 3) . Titers were highest at 10 d after primary intratracheal challenge at 7 wk of age for the CD + HuSA-treated birds (group 8), whereas titers were lowest in the FD + HuSA-treated birds (group 7; Table 3 ). At d 7, 10, 14, and 21, significantly higher total antibody titers to HuSA were found in the CD + HuSA-challenged birds (group 8) as compared with FD + HuSA-treated birds (group 7), PBS + HuSA-treated birds (group 5), and solely PBS-treated control birds (group 6; Figure 2A ). Table 1 for group treatment details. **P < 0.01, ***P < 0.0001.
DUST PARTICLES
Isotype-Specific Primary Antibody Titers to HuSA at 7 wk of Age
The IgM-isotype specific primary antibody responses to HuSA during the observation period at 7 wk were affected by a treatment × time interaction (P < 0.05; Table 3 ) and affected by treatment (P < 0.05). The CD + HuSA-challenged birds had significantly higher IgM titers to HuSA than those of the birds challenged with PBS + HuSA ( Table 3) . Titers of IgM binding HuSA were highest at d 10 in birds of group 8 (CD + HuSA), group 7 (FD + HuSA), and group 5 (LPS + HuSA), and the lowest at d 10 for the non-(PBS)-treated birds (group 6; Figure 2B ). Primary IgM antibody titers were significantly enhanced at d 7, 10, and 14 in the CD + HuSA-challenged birds (group 8) versus the FD + HuSA-challenged birds (group 7), PBS + HuSA-challenged birds, and solely PBS-challenged control birds (group 6; Figure 2B ).
The IgG-isotype specific primary antibody titers to HuSA at 7 wk were significantly affected by a treatment × time interaction (P < 0.05; Table 3) but there was no significant treatment effect. Titers were highest at 10 d after the primary intratracheal challenge at 7 wk of age for the CD + HuSA-treated birds (group 8), whereas titers were lowest in the solely PBS-treated birds (group 6; Figure 2C ). At d 10 and 14, significantly higher IgG antibody titers to HuSA were found in the CD + HuSA-challenged birds (group 8) as compared with all other groups ( Figure 2C ).
Titers of IgA binding HuSA at 7 wk of age were not affected by a time × treatment interaction or treatment (Table 3) . Also, no significant differences between treatments at any moments were found (data not shown).
Secondary Total Antibody Responses to HuSA at 7 wk of Age
Total secondary antibody titers to HuSA were significantly affected by a treatment × time interaction (Table 3 ; P < 0.05), but no treatment effect was found (P > 0.05; Table 3 ). Titers peaked at 7 d for group 2 (twice CD + HuSA) and at 10 d for group 1 (twice FD + HuSA), group 3 (twice LPS + HuSA), and group 4 (twice PBS + HuSA; Figure 3A ). At d 3 after the secondary challenge, significantly lower total antibody titers to HuSA were found in birds treated twice with FD + HuSA as compared with birds treated twice with PBS + HuSA or LPS + HuSA ( Figure 3A ).
Isotype-Specific Secondary Antibody Titers to HuSA at 7 wk of Age
The IgM-isotype specific secondary antibody responses to HuSA were affected by a treatment × time interaction (P < 0.05; Table 3 ) and affected by treatment (P < 0.001). Secondary IgM antibody titers were significantly higher in the twice CD + HuSA-challenged birds (group 2) than in the twice FD + HuSA-challenged birds (group 1; Table 3 ). At d 3, 7, and 21, secondary IgM antibody titers to HuSA were significantly higher in the twice CD + HuSA-treated birds as compared with the twice FD + HuSA-treated birds. At these days, the titers in the twice CD + HuSA-treated birds were also significantly higher than in the twice PBS + HuSA-treated birds ( Figure 3B) .
The IgG-isotype specific secondary antibody responses to HuSA during the observation period were affected by a treatment × time interaction (P < 0.05; Table 3 ), but there was no significant treatment effect (P > 0.05; Table 3 ). At d 3 after the secondary challenge, significantly lower total antibody titers to HuSA were found in birds treated twice with FD + HuSA or twice with CD + HuSA as compared with that of birds treated twice with PBS + HuSA ( Figure 3C ).
Secondary IgA-isotype specific antibody titers to HuSA were not significantly affected by a treatment × time interaction nor a treatment effect (Table 3) . Also, no differences between treatments at any moment were found (data not shown).
Antibody Titers to LPS
Primary total antibody titers to LPS at 3 and 7 wk of age and secondary antibody titers to LPS at 7 wk of age increased during the observation periods but were not significantly affected by treatment during the complete observation periods, nor at any moment during the observation periods (Tables 4 and 5 ).
Effects of Repeated Challenge with Dust Particles and LPS on BW (Gain)
The BW gain at 24 h after the primary challenge at 3 wk of age with various combinations of dust sizes or LPS and HuSA was not significantly affected by Table 6 ); however, a significantly lower 24-h BW gain after the challenge at 3 wk of age was found in birds challenged with FD + HuSA (group 1) as compared with the PBS-control and the PBS + HuSA-treated groups. The BW gain at 24 h after the intratracheal challenge at 7 wk of age was not significantly affected by treatment (Table 7) . Total BW and BW gain at 12 wk of age were significantly lower in groups 2 (CD + HuSA, twice) and 7 (FD + HuSA at 7 wk) as compared with the other groups ( Table 7) .
Effects of Repeated Challenge with Dust Particles and LPS on Heart and Spleen Morphology
Measurement of spleen weight revealed that the heaviest spleen weights and relative spleen weights were found in group 8 (CD + HuSA at 7 wk of age), whereas the lowest relative spleen weight was found in group 1 (FD + HuSA twice; Table 8 ).
Heart weight was significantly decreased in birds that received CD + HuSA at 3 wk of age, whereas similar treatment at 7 wk of age resulted in the heaviest heart weights. Birds that were challenged twice (groups 1, 2, 3, and 4) had significantly lower relative heart weights than birds that were challenged only once at 7 wk of age (Table 8) . Heart width was significantly lowest in birds treated with LPS + HuSA twice, but all treatments enhanced heart length as compared with the control birds (PBS twice).
DISCUSSION
In poultry production systems, air quality is seriously impaired because of high dust concentrations (Wathes et al., 1997; Takai et al., 1998) . The highest concentrations of bacteria (6.4 log10 cfu/m 3 ) and fungi (4.5 log10 cfu/m 3 ) were found in broiler houses (Takai et al., 1998; Seedorf and Hartung, 2000) . This causes health problems for employees working in this environment but likely also for the animals living in these houses (Al Homidan and Robertson, 2003) . Next to composition and concentration, the size of airborne particles is an important characteristic of dust. Size of the particles influences the aerodynamic behavior, transport, and control technologies to reduce the amount of particles in the air (Zhang, 2004) . Particle size determines the impact of dust on human and animal health as well (Mercer, 1978) . Particles are often classified as particles smaller than 10 µm, smaller than 2.5 µm, and smaller than 1.0 µm. Particles ranging from 1 to 10 µm are mainly responsible for health problems because they can travel into the respiratory system (Collins and Algers, 1986 ), albeit smaller particles travel deeper than Table 1 for group treatment details. ***P < 0.001. Table 6 . Body weight gain (g) 1 d after challenge 1 at 3 wk of age in the presece of coarse dust (CD), fine dust (FD), PBS, human serum albumin (HuSA), and lipopolysaccharide (LPS) larger ones, and therefore have greater impact on human and likely animal health. Airborne particles in poultry houses derive from various sources, such as, feces, litter, feather debris, and microorganisms. Dust contains high levels of molecular structures derived from microorganisms with known immunomodulating features. Pathogen associated molecular patterns within dust particles, such as LPS, LTA, β-Glucans, chitin, and many others, are present in poultry houses. When intratracheally administered, dust constituents and PAMP-modulated primary and secondary immune responses negatively affected BW gain in broilers (Lai et al., 2009 ) and layers (Ploegaert et al., 2007; Parmentier et al., 2008) . Deposition of components in the lower airways of poultry depends on size. Especially at a young age (<4 wk), the increase of particle size resulted in lower deposition in the lungs but increasing deposition in the air sacs (Corbanie et al., 2006) . In the present study, we measured the effect of airborne derived particles from 2 different sizes: FD and CD obtained from a broiler house with known LPS content on the primary and secondary antibody response to the model antigen HuSA and BW (gain) of slow-growing broilers. Particles from this range of sizes form the majority, both in mass and in counts in animal houses, including poultry houses (more than 90%, our unpublished data). As a control, the effect of a comparable concentration of pure LPS (360 ng) was measured as well. In the current study, only one concentration of all components (dust particles: 4 mg, LPS: 360 ng, and HuSA: 0.1 mg) was used, thus it is likely that different doses may have resulted in different responses. In an earlier similar experiment, levels of LPS derived from FD in a broiler house were 4.6, 6.1, and 8.8 ng/m 3 of air at 1, 3, and 7 wk and levels of LPS derived from CD were 34.9, 63.4, and 169.1 ng/m 3 of air at these same ages. The HuSA was chosen as model antigen to prevent possible interference with obligatory vaccinations of the birds, given that HuSA is not part of vaccine additives. The current dose of HuSA was chosen because it was unknown whether dust would increase or decrease antibody responses. The antibody responses were measured because they provide information on the kinetics of the immune system. Birds were exposed at 2 different ages to estimate the age-dependent sensitivity of the broiler and to measure the effect of the airborne components on secondary immune responses. Slow-growers were studied to measure the immunomodulation of secondary immune responses.
Four questions were addressed. First, we studied the effect of early exposure (at 3 wk of age) to FD or CD particles or a comparable dose of LPS on the humoral response to a specific model antigen (HuSA) (challenge 1 effect). We measured both total and isotype-specific antibody responses to HuSA, given that earlier we found different effects of PAMP on either IgM or IgG. The IgA was measured because we applied a mucosal (respiratory tract) challenge. Second, we studied the effect of exposure at a later age (7 wk) to FD and CD or LPS on primary antibody responses to HuSA. Earlier we found that challenges of broilers at a later age had different effects than challenges at a young age, suggesting adaptation of the birds (Lai et al., 2009 . Third, we studied the effect of repeated exposure to dust particles or LPS at 7 wk of age on secondary antibody responses to HuSA (group effect) to establish the effects on memory formation. Fourth, we studied whether dust particles or comparable doses of LPS after intratracheal challenge affected BW (gain) of broilers. In addition, morphological parameters of the spleen and heart were estimated.
With respect to the first objective, dust particles, but not the current comparable dose of LPS, decreased (Table 2) primary (total) antibody responses to concurrently intratracheally immunized HuSA at 3 wk of age, especially at d 7 and 10 after the challenge, indicating that immune modulation by dust particles may occur after a primary challenge. Table 2 shows that the dust particles, both FD and CD, induced more pronounced and prolonged negative effects during the complete observation period than a comparable dose (360 ng) of LPS. In earlier studies (Parmentier et al., 2008) , we found enhancement of antibody responses in the presence of much higher doses (0.5-1 mg) of LPS. The current data cannot discriminate between the effects of LPS within the dust versus other undefined components that are likely to be present in dust. In addition, we tested commercial purified LPS, which may be different from the naturally obtained LPS in the dust samples that likely is derived from various gram-negative bacteria and which may be soluble or part of bacterial membrane remnants. Further studies on types and sources of LPS, and likewise, the combination of physical dust and bacteria may be required to find more pronounced and prolonged effects of these components as well. On the whole, in the present study with broilers, total primary antibody responses at 3 wk of age were decreased by FD + HuSA and the CD + HuSA treatments (Table 2) . Treatments not only differed with respect to the ages of effect but also with respect to the affected antibody isotype. Primary IgM responses to HuSA were affected by FD + HuSA, whereas primary IgG responses to HuSA were affected by CD + HuSA. Despite this, primary IgA responses to HuSA were not affected (Table 2) . With respect to the second objective, effects of primary challenge with dust particles and HuSA at a later age (7 wk of age) revealed a pronounced enhancing (Table 3) effect of CD on primary total, IgM, and IgG responses to HuSA. The FD decreased primary total antibodies but enhanced IgM and IgG responses to HuSA. On several ages after the challenge at 7 wk of age, significant enhancing effects of both CD and FD treatments were found, as opposed to similar treatments at 3 wk of age (Table 2 ). This suggests that the effects of dust or its components on immune responses may depend on the age of the recipient, which in turn may be related with adaptation of the birds to the environment, and as a consequence, affect immune responsiveness and sensitivity for LPS and other PAMP. As mentioned above, levels of dust and LPS in broiler houses usually increase in time. Again, no effect of dust or LPS on the IgA levels was found, suggesting that dust or LPS affected immune responses at the systemic but not the mucosal level.
With respect to the third objective, effects of secondary challenges with dust particles and comparable LPS challenges revealed pronounced effects of FD, CD, and LPS on secondary total antibodies, IgM, and IgG responses to HuSA. Total secondary antibody titers and IgG-isotype specific antibody responses to HuSA were significantly affected by a treatment × time interaction, suggesting that dust or its components affected the kinetics of the secondary antibody response. Particularly, secondary IgM antibody titers were significantly higher in the twice CD + HuSA-challenged birds (Table 3 ) than in the birds that were challenged twice with FD + HuSA ( Table 3 ). The results indicated that Table 8 . Heart and spleen characteristics, relative heart weight (RHW), and relative spleen weight (RSW) at slaughter at 12 wk of age after concurrent intratracheal immunization with human serum albumin (HuSA), fine dust (FD), and coarse dust (CD) at 3 and 7 wk of age 3 RHW = Heart weight/BW at 10 wk of age.
*P < 0.05; **P < 0.01.
dust particles depending on their size may have positive effects on the kinetics of secondary antibody responses to HuSA depending on the isotype. No significant treatment effects of dust particles or LPS on secondary antibody responses was found. Earlier, we found that PAMP treatments affected primary but not secondary responses. Whether this is related with aging of the birds or is based on different or no effects of PAMP or dust particles on memory cells is as yet unknown. Also, in the current study, modulation of secondary antibody responses to HuSA was less pronounced after the secondary challenge with dust particles and LPS than after the primary challenge. Finally, with respect to the fourth objective, all birds treated intratracheally with dust and LPS showed a lower BW gain early after the primary challenge; however, only FD + HuSA-challenged birds had significantly lower BW gains as compared with the PBS + HuSA-challenged and PBS-control treated groups (Table 6). At 24 h after the secondary challenge at 7 wk of age, the BW gain was not significantly affected by treatments ( Table 7) . The BW at 3 wk of age was related with the effects of dust particle treatments at 3 and 7 wk of age; however, there were severe effects of FD + HuSA treatments on young birds at 3 wk (Table  6 ) as opposed to the other treatments and also opposed to the later age of 7 wk (Table 7) , suggesting again a refractive response to dust (or its components) as described before (Lai et al., 2009) . Total BW and BW gain after 12 wk of age were not significantly affected by the experimental treatments but BW gain was significantly lower in group 2 (CD + HUSA at 3 wk and 7 wk) and group 7 (FD + HuSA at 7 wk) as compared with those of the other groups. These data suggest specific adaptation of the birds to the challenge with dust particles and final recovery of the birds to intratracheal challenges. At 12 wk of age, significantly higher spleen weights were found in CD + HuSA-challenged birds treated once at 7 wk as compared with those of the birds that were treated with CD + HuSA twice at 3 wk and 7 wk. In addition, a significantly heavier relative spleen weight in group 8 (CD + HuSA at 7 wk) as opposed to group 1 (FD + HuSA twice; Table 8 ) was found. This is in accordance with the higher antibody responses to HuSA in these birds, suggesting that (CD) dust at later ages enhances immune reactivity.
The morphology of the heart at 12 wk of age was affected by the intratracheal treatments with dust particles, although we cannot distinguish between primary and secondary challenges. Weight, length, and width of the heart of the broilers intratracheally treated with dust particles at 7 wk of age were different from the other treatments; higher heart weight and relative heart weight were found in group 8 (CD + HuSA at 7 wk) as compared with group 1 (FD + HuSA at 3 wk and 7 wk) and group 2 (CD + HuSA at 3 wk and 7 wk). This result indicated that the primary challenge at 7 wk (Table 8 ) affected heart morphology differently than the secondary challenge. Again, effects of the secondary challenge was seemingly less pronounced after the secondary challenge with dust particles and LPS than after the primary challenge.
Taken together, the current study showed that airborne dust particles obtained from a poultry house when given intratracheally affected immune responsiveness and BW gain in a negative fashion at 3 wk of age but may affect immune responsiveness in a positive fashion at 7 wk of age. Thus, dust components harvested from a broiler house affected immune responses and BW (gain). This suggests that the effects of dust or PAMP or other dust constituents (i.e., hygienic status) are related with the immune maturation or adaptation to the environmental conditions of the bird. Negative or positive effects of dust on immune responsiveness may have consequences for health management, such as age and type of vaccine administration, of poultry. Further studies on the effect of dust particles and its constituents on immune reactivity of poultry are in progress.
